Bacterial artificial chromosomes (BACs) are capable of propagating large fragments of DNA and have become an invaluable tool for studying genome biology. To fill a phylogenetic gap in available genomic sequence and to complement ongoing molecular and genetic studies, we have generated a BAC library for the marine amphipod crustacean, Parhyale hawaiensis. The library was generated from genomic DNA isolated from whole adult animals and comprises 129,024 individual clones. The median insert size is ∼ 140 kb and the genomic coverage is approximately five genome equivalents. We have screened the Parhyale BAC library for developmentally relevant genes and characterized the genomic organization of four genes: a hedgehog ortholog, and three Pax3/7 paralogs. Preliminary analysis suggests that introns are larger and more prevalent in Parhyale than in other arthropods whose genomes have been sequenced, which may partly account for the large genome size in Parhyale.
Introduction
Bilaterian animals are separated into two main clades, the deuterostomes and the protostomes. The deuterostomes include the chordates (e.g. humans) and echinoderms (e.g sea urchins), while the protostomes are divided into two large clades, the lophotrochozoans and the ecdysozoans. Molluscs (e.g. snails) and annelids (e.g. earthworms) are part of the lophotochozoans, while nematodes (e.g. C. elegans) and arthropods (e.g. insects, crustaceans) are ecdysozoans. Of these groups, the ecdysozoans contain the vast majority of described animal species, due in large part to the diversity of arthropods. Our current understanding of the phylogenetic relationship of some of the major groups within the Ecdysozoa is shown in Fig 1. Within the Ecdysozoa lie two powerful genetic model systems, Drosophila melanogaster and C. elegans. These two animals were among the first to have their genome completely sequenced [1, 2] , and the genomes of several closely related species have been sequenced in order to complement and leverage the large body of work involving these two model species [3, 4] . While Drosophila and C. elegans remain premier genetic systems for studies in many fields of biology, our initial reliance upon these two organisms may have biased some of our views of animal evolution and development.
For example, the genomes of Drosophila and C. elegans are somewhat unusual in that they are relatively small, which undoubtedly contributed to the decision to sequence them. However, many studies suggest that these two species may not be representative of typical extant bilaterians. For instance, WNT genes are a family of highly conserved cell-cell signaling molecules whose founding member is wingless. In Drosophila there are seven (7) , and in C. elegans there are five (5) WNT family members [5] . In contrast, the human genome contains nineteen (19) WNT genes, which at first glance might suggest an expansion of this family in the vertebrate lineage. However, more recent analyses of WNT family members in lophotrochozoans and the phylogenetically basal cnidarian Nematostella vectensis has revealed thirteen (13) ancestral WNT subfamilies [6] [7] [8] . This strongly suggests that the small number of WNTs in Drosophila and C. elegans is due to gene loss. More extensive evidence of gene loss for these two model species was provided by the finding of several important genetic pathways in Cnidaria that are absent in Drosophila and C. elegans [9] . The question of when these losses occurred in the evolution of Ecdysozoa remains largely unanswered, and it is quite possible that at least some of these losses represent cases of independent loss within the nematode and insect lineages. In addition to gene loss, the genomes of Drosophila and C. elegans are peculiar in that they appear to have undergone compaction, as evidenced by the loss and shortening of introns, and a general decrease in intergenic distance [10, 11] .
Understanding when these genomic changes occurred and what role they played in the evolution of extant animals requires genomic sequence from a broader set of species. Recent advancements in sequencing and bioinformatics have enabled genomic studies of a more diverse set of animals, without having to focus exclusively on established model species with reduced genome size. Indeed, while the genomes of several ecdysozoans have been sequenced, the vast majority belong to two clades: Insecta, with a heavy bias toward holometabolous insects, especially dipterans [3, [12] [13] [14] [15] [16] [17] [18] , and Nematoda [2, 4, 19] . Therefore, our understanding of genome evolution within Ecdysozoa will benefit greatly from obtaining genomic sequence from additional species representing a broader taxonomic sampling [20] . As a case in point, the phylogenomic analysis of 2.6 Mb of sequence from 62 single-copy genes of 75 arthropods was required to resolve the deep phylogenetic history of the major arthropod lineages [21] .
Since arthropods are not only species-rich, but also morphologically and developmentally diverse, they are critically important for the study of evolution and development (evo-devo). A great deal is known about Drosophila development due to its powerful genetic tools and large research community. In comparison we know far less about the development of other arthropods, thus more taxonomic sampling is necessary to help us understand the forces underlying the radiation of this group [21] . To this end, the marine amphipod, Parhyale hawaiensis, has been developed as a new model system for evo-devo studies [22] [23] [24] . Part of a morphologically diverse group of crustaceans termed malacostracans, Parhyale is closely related to economically important animals such as shrimps, crabs, and lobsters, and its phylogenetic position allows important comparisons to reconstruct ancestral features within insects and Pancrustacea [21, 25] .
In an effort to develop a more powerful genetic system for evodevo studies, and to begin to address issues of genome evolution within arthropods and, more broadly, in Ecdysozoa, we have generated a bacterial artificial chromosomes (BAC) library for Parhyale. BACs are a plasmid vector-based system capable of accommodating large inserts of DNA (N100 kb) [26] [27] [28] . Using an F-factor origin of replication, these bacterial plasmids are maintained as a single copy within E. coli and allow for faithful propagation of large DNA fragments. These libraries can then be used for molecular and genomic studies such as positional cloning [29] or comparing gene structures and synteny across different species [30] . Moreover, BACs are a convenient tool for the initial physical and genetic mapping of genomic regions without whole genome sequencing. Thus, BAC libraries are an excellent means of studying genome level questions, particularly for those interested in comparative studies of specific genomic regions. Highlighting their usefulness, BAC libraries have now been constructed for hundreds of species ranging from bacteria to plants to animals. Here we report the building and initial characterization of a Parhyale hawaiensis BAC library.
Results and discussion
We have constructed a BAC library for the amphipod crustacean, Parhyale hawaiensis, that consists of 129,024 clones with an average insert size of 140 kb. The genome size of P. hawaiensis is estimated to be 3.6 Gb (N.H.P.and Aziz Aboobaker, unpublished data), and therefore the coverage of our library is estimated to be close to five genome equivalents. The Parhyale BAC clones were robotically picked, grown, and stored in 384-well plates and they were arrayed onto several sets of nylon filters for screening. To assess the quality of the library, we screened the filters with gene-specific probes derived from cDNAs we cloned from Parhyale embryos for developmental and evolutionary studies. Probes were designed outside of conserved domains to minimize their potential for cross-hybridization. The identity of BAC clones identified by screening was confirmed by PCR and/or Southern analysis. Table 1 summarizes the results of screening the Parhyale BAC library with probes for twenty (20) single-copy genes. This initial study confirmed the anticipated 5X coverage of the library. Based on the success of our initial screening, we identified an additional 50 BACs and analyzed their insert size by pulse-field gel electrophoresis. This analysis revealed the average insert size to be 140 kb (Fig. 2) , with inserts ranging in size from 95 kb to 170 kb. The majority of clones (46 of 70) have inserts of 130 to 150 kb (Fig. 3) . Importantly, our results demonstrate the quality of this BAC library, which contains inserts of expected size, and possesses enough genomic coverage to identify several BACs spanning a genomic region of interest.
One reason for investigating the genome of Parhyale is that it is larger than that of the classic ecdysozoan models, Drosophila and C. elegans. These organisms, potentially as a consequence of their rapid life cycle, appear to have undergone a reduction of their genome size resulting in intron loss and smaller gene size. To address this issue specifically, we have used BAC mapping and sequencing to verify whether genes are larger and introns more prevalent in Parhyale. Sequence analysis of four different BACs provides preliminary evidence that introns have both greater size and number in Parhyale when compared to their ortholog(s) in other species. For example, comparative analysis of the hedgehog locus illustrates the differences between Parhyale and other metazoans (Fig. 4) . In the case of Drosophila, the hedgehog gene contains two introns that flank a highly conserved 262 bp exon. The first intron in Drosophila is 7,778 bp whereas its homolog in Parhyale is ten times larger at 77,848 bp. The second intron is 3,590 bp in Drosophila, while its homolog is 11,927 bp in Parhyale. Interestingly, the 262 bp exon, which is conserved in all metazoans we analyzed, is disrupted by an additional phase 0 intron (5,717 bp) in Parhyale (Fig. 4) . Therefore, at the hedgehog locus, Parhyale has approximately ten times the number of intronic base pairs when compared to Drosophila. For perspective, this means that at least 71% of our 146 kb BAC insert is intronic. The yellow fever mosquito, Aedes aegypti, which has undergone genome expansion due to an increased mobilization of transposable elements, has a slightly smaller hedgehog locus than Parhyale and no additional intron when compared to other metazoans (Fig. 4) . Vertebrates, which in general have expanded genomes with large genes and increased intron number, also have much smaller hedgehog introns (Fig. 4) .
Analysis of other Parhyale BAC sequences suggests similar differences in intron size and number, for example within the Pax group III genes. In arthropods, Pax group III genes are part of the larger Pax family of transcription factors and are homologous to vertebrate Pax3 and Pax7 genes [31] [32] [33] . Like other Pax genes, Pax group III are defined by the presence of three domains: the "paired" domain, an octapeptide, and a "paired" class homeodomain [34, 35] . In Drosophila, they consist of three paralogs; paired (prd), gooseberry (gsb), and gooseberry-neuro (gsb-n), and are important in several developmental processes, namely segmentation and neural development [32, 33] . In Drosophila, gsb and gsb-n are syntenic and reside on opposite strands of a 23.5 kb locus. This organization is conserved in Anopheles and Tribolium, where orthologous genes are found in a 51 kb and 39 kb locus, respectively. The Pax group III genes are not annotated in the Aedes aegypti genome, but BLAST searches of the assembly indicate that two homologous genes are possibly syntenic as they are both located in supercontig 1.800, but with the caveat that sequence for the homeodomain is missing from one these genes (http:// aaegypti.vectorbase.org). Outside of insects, the branchiopod crustacean, Daphnia pulex has undergone an expansion of this family, as there are 6 putative Pax group III genes organized in three clusters of two genes each (F.P. and John Colbourne, unpublished data). The first cluster is 27 kb, the second 63 kb and the third 48 kb, with the six genes ranging from 4 to 18 kb in size. However, not all six Daphnia genes are predicted to be functional as two of them have a frameshift or a deletion in the homeodomain sequence.
To better understand the evolution of Pax group III genes in Pancrustacea, we cloned three paralogs from Parhyale embryonic cDNA and characterized three BACs containing one gene each ( Table 2) . The large size of these genes (primary transcript lengths greater than 33 kb, 46 kb, and 18 kb) limits the amount of flanking genomic sequence contained within our BACs, and was not sufficient to uncover any synteny, if it exists, between the Parhyale Pax group III genes we cloned. These findings further illustrate the large size of Parhyale introns and suggest that intergenic distance may also be greater relative to that in most other sequenced arthropods. Additionally, a comparison of intron number within Pax group III genes across several phylogenetically distant species suggests that Parhyale has more introns per gene than currently sequenced insects and shares similarities in this regard to Daphnia (Table 2 ). For example, the three Pax group III genes in Parhyale have either five or six introns, whereas insects such as Drosophila, Tribolium and Anopheles possess * The probe for hedgehog spanned three introns (N 100 kb of genomic sequence). This may have caused the number of clones to be higher than the other genes which were screened for using probes made against putative conserved exons.
Fig. 2.
Sizing and partial characterization of randomly selected recombinants from the P. hawaiensis BAC library. Eighteen clones were selected at random from the library before arraying. DNA was isolated using standard miniprep procedure, subjected to NotI digestion and analyzed by PFGE as described in Methods. Low-range PFGE molecular weight markers (New England Biolabs) are denoted by 'M' and their sizes are given in kb. Miniprep for the BAC clone analyzed in lane 16 did not yield any DNA. Table 2 ). This is in contrast to humans, where Pax3 and Pax7 have seven introns, and much larger gene sizes (95 and 103 kb, respectively). To what degree greater intron number in this gene family represents parallel intron gain will require additional taxonomic sampling of genes from the Pax3/7 family. Interestingly, the large genome size and gene structure in Parhyale are reminiscent of the mosquito, Aedes aegypti. Analysis of Aedes genome indicates that it has increased in size relative to other dipterans due to higher transposable element (TE) content [17] . Consistent with TE mobilization, intron size and intergenic distance have increased, but not intron number [17] . In contrast, our analysis of four BACs suggests that Parhyale not only has larger introns and greater intergenic distance, but may also have a global increase in the number of introns per gene (Fig. 4 and Table 2 ). Unfortunately, the phylogenetic distance between Parhyale and other well-characterized genomes, and the limited amount of genomic sequence obtained thus far, did not allow us to characterize the repeat content of Parhyale. However, similitudes with Aedes suggest that the large genome size of Parhyale may be attributable, at least in part, to an increase in the number of repetitive elements. This question is critical to our understanding of the forces that shaped the crustacean genome and can be investigated further when greater sequence data are available. Although preliminary, our survey of Parhyale BAC sequences suggests that it may have undergone a unique form of genome expansion that could include an increase in intron number, a phenomenon yet to be fully characterized. It is intriguing that a similar phenomenon of intron gain has recently been described in extant populations of another crustacean, Daphnia pulex [36] . A similar process occurring in Parhyale could explain the variation in intron position that is observed in Pax group III genes relative to that in other arthropods ( Table 2) . As an alternative to intron gain, Parhyale could represent an arthropod genome possessing ancestral introns that were lost in other arthropod lineages with sequenced genomes. These two alternatives are not mutually exclusive, although intron loss is expected to be more prevalent and less deleterious to organismal fitness relative to intron gain. Further analysis of arthropod genomes, especially those from crustaceans of varied lineages, and with genomes comparable in size to Parhyale, may shed light on this issue.
Practically speaking, the presence of large and frequent introns in Parhyale will necessitate careful mapping of BAC inserts and/or the use of multiple BACs to study intron-containing loci. For example, the coding region of Parhyale hedgehog occupies a genomic region of 104,631 bp, whereas Drosophila only occupies 12,782 bp. If one considers that the hedgehog BAC chosen for sequencing was 146 kb, of which 104 kb spanned the coding region, it is apparent that our ability to identify a BAC containing both coding and large upstream or downstream regions is limited. Nevertheless, by "walking" through the BAC library we have been able to analyze very large loci, such as the Hox gene complex of Parhyale (N.H.P. and Julia Serano, unpublished data).
In summary, we have generated a BAC library for the emerging model system, Parhyale hawaiensis. Our initial characterization of this library indicates that its genomic coverage is 5X and that the average insert size is 140 kb, thereby providing a valuable resource for genomic studies in Parhyale. Additionally, we have isolated 70 BAC clones for developmentally regulated genes and have undertaken their complete sequencing. Interestingly, the data presented here suggests significant differences in genome structure, particularly in intron size and frequency, in Parhyale relative to the other arthropods that have been sequenced. Importantly, these preliminary findings allow us to generate initial hypotheses regarding genome size evolution. These hypotheses can be tested by both further analyzing genome organization in Parhyale and by increasing the overall phylogenetic diversity of characterized genomes, making certain to avoid a bias towards only small genomes. Since Parhyale is phylogenetically distant from current model systems and analysis of its genome may in part help understand ecdysozoan genome evolution, we believe this BAC library represents an important tool for comparative evolutionary studies.
Materials and methods

High molecular weight DNA extraction
We isolated high molecular weight (HMW) DNA from forty adult Parhyale hawaiensis (20 males and 20 females) collected from an isofemale population established in 2001 (Iso2). The animals were starved for 6 days, rinsed several times in 0.22 μm filter sterilized sea water (FSW), and treated for 48 hours with antibiotics (Tetracycline 30 μg/mL; 1% PenStrep (Invitrogen)). The specimens were rinsed several times with ice-cold FSW, rinsed twice with ice-cold Homogenization Buffer (HB: 0.35 M sucrose, 0.1 M EDTA, 50 mM Tris pH 8.0), minced grossly with needles, and added to 15 mL of ice cold HB. Nuclei were released with a dounce homogenizer on ice, 30 cycles with the loose pestle and 15 cycles with the tight pestle. The homogenate was filtered through three 100 μm cell strainers (BD Falcon), and then two 70 μm cell strainers (BD Falcon). The suspension was pelleted at 3200 × g and 4°C for 15 min. The nuclei pellet was resuspended in 20 mL ice cold HB, filtered through three successive 70 μm cell strainers (BD Falcon), and pelleted at 3200 × g and 4°C for 15 min. The nuclei were resuspended in 500 μL ice cold HB and incubated at 37°C for 10 min before mixing with 500 μL of 2% Incert agarose (Lonza) prepared in HB and kept at 37°C. The suspension was dispensed in 80 μL block molds (Bio-Rad) and placed at 4°C for 10 min. The blocks were incubated at 37°C in cell lysis solution (CLS: 1% LDS, 10 mM Tris pH 8.0, 150 mM EDTA pH 8.0) for 4 days, with daily changes of CLS. The CLS was substituted with Block Storage Solution (BSS: 0.2% N-laurylsarcosine, 2 mM Tris pH 8.0, 140 mM EDTA pH 8.0) by rinsing four times in 2 h. The blocks were stored in BSS at 4°C until processing.
BAC library construction
For size fragmentation, genomic DNA (1/2 block per reaction) was partially digested at 37°C for 2.5 hours in 500 μL reaction volumes containing 1 unit of the restriction enzyme EcoRI (New England Biolabs) and 100 units EcoRI methylase. The quantity of EcoRI and EcoRI methylase was derived from a titration using various amounts of enzymes on 1/6th block per 500 μL reaction. The reaction also contained 2.6 mM spermidine, 0.5 mg/ml BSA (New England Biolabs) and 1x EcoRI reaction buffer (0.08 mM S-adenosylmethionine, 2 mM MgCl 2, 1 mM DTT). The reaction was stopped by adding 300 μg Proteinase K, 2.9 % N-laurylsarcosine, and 0.29 M EDTA, followed by an incubation at room temperature for 1 h. Proteinase K was inactivated by transferring blocks in 15 mL of ½X TE with 15 μL PMSF (100 mM), incubating for 20 min at 4°C, and repeating 3 times with fresh solution. Blocks were equilibrated in 50 mL ½X TE for 1 hour at 4°C. DNA fragments were separated on a 1% agarose gel (Pulse-Field certified Bio Rad) using pulse-field gel electrophoresis (BioRad CHEF XA Mapper) in ½X TBE buffer as previously described in Lang et al [37] . Gel fragments were excised from the preparative lane that contained HWM DNA, and the HMW DNA was electroeluted at 4 V/cm for 4 hours at 4°C and then dialyzed at 4°C for 16 h in 4 L of ½X TE. The sample volume was reduced to ∼180 μL by dialyzing at 4°C against 30% PEG8000 in ½X TE. The CopyControl BAC Cloning Kit (Epicentre) was used for ligation according to the manufacturer's instructions. Approximately 100 ng HMW DNA and 25 ng of the CopyControl pCC1BAC (EcoRI) vector were ligated in 50 μL reactions that were incubated overnight at 16°C. After ligation, reactions were stopped by a brief Proteinase K treatment, deslated by drop dialysis against ddH 2 O for 1.5 h using 0.025 μm nitrocellulose filters (Millipore) and the sample volume was reduced to ∼20 μL by drop dialysis against PEG8000 (30% in ½X TE) at 4°C. For transformation, 8 μL of ligation reaction was added to 100 μL electrocompetent cells DH10BT1 (Invitrogen). Electroporations were performed using 2 mm cuvettes and a BTXECM 630 (Harvard Apparatus Inc.) set at 2.5 kV, 225 Ohms, and 25 μF. Transformed cells were recovered in 50 ml conical tubes containing 10 mL SOC (2 transformations per tube), incubated with shaking (250 rpm) for 1 h at 37°C, and glycerol was added to the transformation mix to a final concentration of 10%. Small aliquots were removed for titration and the remaining transformants were flash-frozen in liquid nitrogen and stored at -80°C.
Insert size estimation
The EpiLyse Solution (Epicentre) was used to analyze BAC DNA from 36 random white colonies (12 per size fraction), and estimate the frequency and size of inserts. For further analysis, BAC DNA from 18 clones was isolated using a standard alkaline lysis miniprep protocol and a third of each BAC clone preparation was digested using NotI (New England Biolabs) and the size of each clone was determined using pulse-field gel electrophoresis (15 h, 1 sec initial time, 20 sec final time, 14°C, field angle120°, 6 V/cm) and low range PFG marker (New England Biolabs).
Library arrays and screening
To array the library, transformed cells were grown overnight at 37°C on LB agar plates (12.5 μg/mL chloramphenicol, 0.4 mM IPTG and 40 μg/mL X-GAL) and single white colonies were transfered into 336 × 384-well microtiter plates (Genetix) using a colony-picking robot (Norgren Systems). A Total Array System (BioRobotics) was used to replicate the library and prepare high-density nylon filter sets (22 cm × 22 cm) containing BAC colony DNA. One filter set was hybridized with α 32 P-dCTP labeled DNA probes amplified from twenty different cDNAs (Table 1) as previously described [37] . Restriction digestion of positive clones was performed with NotI, followed by pulse-field gel electrophoresis for insert sizing. The Parhyale BAC library is stored in the Patel Lab and filters are available upon request.
